We perform first principles density functional calculations to study the stability, structural and electronic properties of pentaheptite graphene and boronitrene derivatives. These systems are comprised of an infinite array of symmetrically paired pentagon and heptagon rings created by applying the Stone Wales transformation over infinite mono-layer graphene and boronitrene. Using the generalized gradient approximation (GGA) and the projector augmented wave (PAW) method, we predict that pentaheptite graphene is metallic and metastable with energy of 0.24 eV/atom above pristine graphene. We deduce that pentaheptite boronitrene is less stable due to the formation of unfavourable B-B and N-N bonds. Our results reveal a significant reduction in the electronic band gap for pentaheptite boronitrene in comparison to pristine boronitrene. Furthermore, we demonstrate that the adsorption of atomic hydrogen on pentaheptite graphene stabilizes the structure and opens a wide band gap of 3.78 eV.
I. INTRODUCTION
The experimental realization 1 of graphene has re-ignited a huge interest in the research of carbon-based materials. Graphene, which is a flat two-dimensional monolayer of covalently bonded carbon atoms arranged in a honeycomb lattice has unique electronic properties. It is well known that pristine graphene is a zero band-gap semi-metal. Its electronic structure exhibits a linear energy-dispersion relation near the Dirac point, with relativistic massless Dirac fermions being the charge carriers. 2, 3 This special feature gives rise to various interesting properties including high carrier mobility, 4 which could be exploited for applications in high-performance graphene-based electronic devices. However, the absence of a band gap in pristine graphene is a limiting feature for applications in solid state electronic devices. On the other hand, monolayer hexagonal boron nitride (h-BN, also known as boronitrene, cf. Ref. 5 ) which is isostructural with graphene with nearly the same lattice parameter, has been synthesized and found to be a wide band gap semiconductor. 6 Various approaches have been considered to alter the electronic structure of graphene so as to open a controllable band gap. These include chemical functionalization [7] [8] [9] [10] [11] [12] [13] [14] [15] as well as incorporating localized and extended defects. [16] [17] [18] [19] [20] [21] [22] [23] Concerning the former, first principles electronic structure calculations and experiments have reported that graphene can be transformed into an insulating sheet, named graphane, 15 by complete hydrogenation. Graphane has been recently synthesized by Elias et al., 9 following initial predictions by Sofo et al. 15 Quantum confinement effects have also shown the possibilities of band gap engineering, as in graphene nanoribbons [24] [25] [26] [27] and nanomeshes 28 passivated with hydrogen. However, the resulting electronic properties are strongly dependent on the type of edge termination.
Among the possible intrinsic defects considered in graphene, Stone-Wales (SW) defects 29 are the most prevalent, as in other carbon nanostructures. [30] [31] [32] [33] SW defects are formed by a 90
• rotation of a carbon dimer with respect to the midpoint of the bond such that four hexagonal rings are transformed into pairs of pentagon (R 5 ) and heptagon (R 7 ) rings. Previous studies of SW patterned defects have consistently predicted metallic allotropes of graphene, 17, 23 suggesting that their local structural distortions are not appropriate for opening an electronic band gap. Modification of a graphene monolayer into an infite array of SW defects 35, 37 is expected to yield interesting electronic properties in comparison to its semimetalic behavior. This structure, so-called pentaheptite graphene was theoretically proposed by Crespi et al., (Ref. 35) well before the experimental realization of graphene. Using a tight-binding total energy method, this system was predicted to be a covalent metal with a density of states at the Fermi level of 0.1 states per eV per atom.
Recently, first principles calculations have been used to investigate the adsorption of atomic hydrogen (H) on a single SW defected graphene substrate. 39 It was found that carbon atoms on the SW defect serve as energetically favorable "traps" for H adsorption suggesting that the electronic properties could be substantially changed by inclusion of H atoms into SW defects.
In this work, we consider planar pentaheptite graphene and we perform density functional calculations to investigate the effect of complete hydrogenation on the structural, energetics and electronic properties. The results are compared with pristine graphene and graphane. Given the isostructural nature of graphene and boronitrene, an analogous structure formed by reconstructing boronitrene into a periodic array of R 5 and R 7 rings, hereafter referred to as pentaheptite boronitrene, is also considered.
II. COMPUTATIONAL DETAILS
First principles calculations were performed within density functional theory (DFT) using the plane-wave self-consistent field (PWSCF) code included in the QUANTUM ESPRESSO distribution. 41 The projector augmented wave (PAW) potentials 42, 43 were used to account for electron-ion interactions. Exchange and correlation energies were approximated by the Perdew, Burke, and Ernzerhof (PBE) 44 functional for the semi-local generalized gradient approximation (GGA). The one-electron pseudoorbitals were expanded with a plane-wave kinetic energy cut-off of 500 eV.
For the structural optimizations, the Brillouin zone integrations were performed using a 6 × 6 × 1 Monkhorst-Pack grid 45 of k points while a denser 12 × 12 × 1 grid was used for the density of states calculations. The energy cut-off and k mesh were determined to be sufficient to produce well-converged energy differences for all structures. All the structures were optimized using the conjugate gradient method until the forces on all atoms were less than 0.01 eV/Å, and the total energy was converged to within within 10 −7 eV. A large vacuum space of 15 Å was included perpendicular to the monolayer plane in order to avoid spurious interactions between the periodic images.
III. STRUCTURAL ASPECTS
The optimized pentaheptites structures that we considered are depicted in Fig. 1 . Optimization was carried out with respect to both the atomic positions and rectangular cell parameters. Fig. 1(a) represents the pristine planar pentaheptite graphene, where four hexagonal (R 6 ) rings are transformed into two pentagon (R 5 ) and two heptagons (R 7 ) rings by the rotation of a C-dimer with respect to the midpoint of the bond as proposed by Crespi et al. (cf. Ref. 35) . This implies that pentaheptites are generated by simultaneous creation of SW-type defects over the entire graphene sheet, transforming pyrenelike rings into symmetrically paired pentagons and heptagons. 37, 49 Although there are various ways in which the R 5 and R 7 rings can be constructed, it has been established that pentaheptites also adhere to the rule that the most favorable configurations are those which minimize the number of pentagon-pentagon pairs and maximize the number of pentagon-heptagon pairs, as is the case with fullerenes and haeckelites (cf. Refs. 36 and 37). Accordingly, this rule then leads to the requirement of a 16-atom rectangular conventional unit cell having a single pentagon-pentagon adjacency and multiple pentagon-heptagon adjacencies as seen on Fig. 1 . The smallest repeating pentaheptite unit can be obtained from an 8-atom hexagonal primitive unit cell.
The selected optimized bond lengths (d i ) and angles (θ i ) denoted in the figures are shown in Table I . In comparison, the C-C bond lengths and angles in pristine graphene are uniform at 1.42 Å and 120
• respectively. We notice a variation in bond lengths (1.39 Å to 1.49 Å) in pentaheptite graphene. The rotated C-C bonds (d 1 Graphane (Ref. 15 ) is fully hydrogenated graphene with hydrogen absorbed at on-top sites alternately above and below the plane. Starting with graphane, we apply the repeated SW transformation described above where four R 6 rings are transformed into two R 5 and two R 7 rings by the rotation of a C-dimer with respect to the midpoint of the bond. This implies that pentaheptite graphane is generated by a simultaneous creation of SW-type defects over the entire graphane sheet, transforming hydrogenated pyrenelike rings into symmetrically paired hydrogenated pentagons and heptagons. Because of the odd-numbered rings, it should be obvious that there will now have to be two hydrogen atoms adjacent to each other on the R 5 and two R 7 rings. This results in a buckled structure as displayed in Fig. 1(b) .
In comparison to the pristine pentaheptite graphene, we notice that all C-C bonds in the hydrogenated pentaheptite are further dilated, with the most elongation (0.13 Å) observed on the rotated bonds as denoted by (d 1 ). The C-C bond d 7 is the longest, at 1.60 Å, due to the adjacent H-H repulsion above the plane. The C-H bond length is found to be 1.10 Å, characteristic of covalent bonding as observed for graphane (Ref. 15 ) and other hydrocarbons. All the bond angles are reduced through buckling as the C atoms change towards sp 3 hybridization with the adsorbed H atoms. The scenario of adjacent H atoms below and above the plane is shown on Fig. 1(d) . The adjacent H atoms below and above the plane are respectively 2.15 Å and 2.10 Å apart, while the C-H bond length remain the same at 1.10 Å.
Given the heteroelemental nature of boronitrene, the SW rotation of B-N bonds results in homoelemental B-B and N-N bonds as shown for the pentaheptite boronitrene in Fig. 1(c) . The rotated B-N bonds, denoted d 1 , bear a compressive strain to a bond length of 1.40 Å in comparison to a B-N bond length of 1.46 Å calculated for pristine boronitrene. The N-N (d 2 ) and B-B (d 3 ) bonds arising from the SW transformation are found to be 1.47 Å and 1.72 Å respectively. Generally, we notice a variation in B-N bond lengths from 1.38 Å (d 7 ) to 1.42 Å (d 4 ). As in the pristine pentaheptite graphene, the bond angles deviate from the constant value of 120
• for pristine boronitrene, with pentagons having an average angle of 106
• , and heptagons an average angle of 128.6
• .
IV. RELATIVE STABILITY
Calculation of formation energies has become a common practice in first principles studies to evaluate the relative stabilities of materials and test their formation possibility. Since the formation of pentaheptites does not change the number of atoms, we simply calculate the formation energy as the difference in equilibrium cohesive energy between the defected and parent structures, calculated at the same level of accuracy. For pentaheptite graphene and pristine graphene, the cohesive energies are found to be −7.51 eV/atom and −7.75 eV/atom, respectively. This implies that the energy of planar pentaheptite graphene is 0.24 eV/atom above a single layer of graphene. This result is comparable to a local density approximation energy difference of 0.33 eV/atom between the planar pentaheptite graphene and an isolated sheet of graphite as reported in Ref. 35 . This relatively small positive value of formation energy means that this structure is, in principle, thermodynamically meta-stable (endothermic). It has been argued 35, 46 that the energetic cost of rotating the entire bonds in planar pentaheptite graphene is slightly lower than the energy of C 60 (Buckminsterfullerene), supporting the notion that pentaheptite graphene could be synthesizable.
For the hydrogenated pentaheptite graphene, we compute the formation energy with reference to the energies of monolayer graphene and diatomic hydrogen gas (H 2 ). Accordingly, we predict a positive formation energy of 0.06 eV/(CH pair), which is four times lower than that predicted for the pristine pentaheptite graphene. This reduction in formation energy is attributed to the hydrogen induced transformation from sp 2 bonding in the pristine graphene to sp 3 bonding in the hydrogenated structure. It is worth mentioning here that graphane is reported to be the most stable of the hydrocarbons with a C:H ratio of 1, such as benzene and acetylene. 15 For comparison purpose, we obtain at the same level of accuracy, a formation energy of −0.09 eV/(CH pair) for graphane chair, in good agreement with the result of Ref. 15. The energy difference between these two systems shows that the formation energy of pentaheptite graphane is 0.15 eV/atom above that of pristine chairlike graphane. Like in the boat conformer of graphane, it is expected that repulsion of the two adjacent H atoms bonded to the nearest neighbor carbon atoms could also have an effect on the formation possibility of the hydrogenated pentaheptite graphene. However, the positive formation energies for the pentaheptites do not necessarily rule out the possibility to synthesize them. The physical conditions assumed for static DFT calculations (i.e. zero temperature and pressure) may also contribute towards the positive energy values.
In the case of pentaheptite boronitrene, taking the difference between its equilibrium cohesive energy (−11.49 eV/(BN pair)) and that of pristine boronitrene (−13.33 eV/(BN pair) results in the formation energy of 1.84 eV/BN pair. When comparing the formation energies for the two pentaheptites, we deduce that the rotation of B-N bonds requires more energy due to the formation of unfavorable homoelemental (B-B and N-N) bonds, as opposed to the rotation of C-C bonds. Even though the SW defects in monolayer h-BN are predicted by various theoretical studies, 19, 47 they have never been found experimentally (cf. Ref. 48 ).
V. ELECTRONIC PROPERTIES
In order to understand the effects of bond rotations on the electronic structure, we analyze the band structures and density of states (DOS) for the considered pentaheptite systems as shown in Figs. 2 and 3 . For the purpose of comparison with the pentaheptite boronitrene, we also show the band structure and DOS for the pristine boronitrene system based on a rectangular lattice.
The band structure of pristine planar pentaheptite graphene is shown in Fig. 2(a) . Unlike in pristine graphene, this band structure exhibits a clear metallic behavior with a substantial Fermi surface around the Γ point, in agreement with the earlier tight-binding band structure as reported by Crespi et al. (Ref. 35) . The highly dispersive π and π * bands randomly cross the Fermi level along the X − Γ − Y path, closing the pseudo-gap at the Fermi level of graphene. This metalization is also evident in the corresponding DOS plot as displayed in Fig. 2(b) , which yields a DOS of 2.10 states per eV per cell at the Fermi energy. This is equivalent to 0.13 state per eV per C atom, in agreement with 0.1 state per eV per C atom obtained in Ref 35. The interesting result, however, is the electronic structure associated with adsorption of atomic hydrogen on the entire pentaheptite graphene sheet. Figs. 2(c) and (d) show respectively, the band structure and the corresponding DOS plots for the fully hydrogenated pentaheptite graphene. We find that the effect of hydrogenation on the entire pentaheptite graphene is to open a wide direct band gap of 3.78 eV at the Y point. In contrast to the planar pentaheptite graphene, H adsorption changes the C atoms from sp 2 to sp 3 hybridization as already discussed in section III. Consequently, the π and π * bonds vanish, giving rise to almost flat bands in the upper valence and lower conduction regions. We suggest that this band gap can possibly be tuned by systematically adjusting the density of hydrogen atoms from low towards full coverage.
To gain insight into the electronic structure of pentaheptite boronitrene, we begin by examining the pristine boronitrene monolayer system whose calculated band structure and DOS are displayed in Fig. 3(a) and (b) . It is well known that boronitrene is an insulating material. Our calculation yields a direct band gap of 4.36 eV, in good agreement with 4.53 eV reported in Ref. 34 . On transforming the structure to a pentaheptite of boronitrene (Fig. 3(c) and (d) ), we notice a remarkable reduction in band gap, turning the system into a semiconductor with a direct band gap of 0.71 eV at the Γ point.
VI. CONCLUSIONS
We studied pentaheptite graphene, graphane and boronitrene derivatives using density functional methods within the GGA. We conclude that pentaheptite graphene is a metal with an energy of 0.24 eV/atom above pristine graphene. Pentaheptite graphane is more stable at 0.15 eV/(CH pair) above graphane, and is insulating in nature with a bandgap of 3.78 eV. Hydrogenation induces sp 2 to sp 3 hybridization which is responsible for stablizing this system. Pentaheptite boronitrene is 1.84 eV/(BN pair) above pristine boronitrene. There is a marked reduction in the bandgap from 4.36 eV to 0.71 eV at the Γ point. 
